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Preface
This report presents the results from a research project "Long term impact of the Copenhagen accord regarding the 2 degree target", done at VTT Technical Research Centre of Finland during autumn 2010 and winter 2011 for the Nordic Working Group for Global Climate Negotiations (NOAK). It highlights the need for more ambitious early action in order to close the emission gap related to the Copenhagen Accord outcomes.
The report portrays greenhouse gas emission pathways that would minimize the costs of reaching the 2 degree target, while simultaneously taking into account the uncertainty of and future learning on climate sensitivity. The report argues that it is not possible to assert that the 2 degree target would be reached with certainty with a predetermined emission pathway. Instead, climate policy should be readjusted during the century as new information on climate sensitivity becomes available.
The study estimates that the emission level resulting from the Copenhagen Accord would be at least 5 Gt CO2-eq higher than the costeffective level in 2020. In line with e.g. what is calculated by Nicholas Stern, the report states that the mitigation costs would be higher should the 2020 emission level be that of the Copenhagen Accord. Therefore future climate negotiations should aim for more ambitious emission reductions, both in and after 2020, which of course will also affect the effort sharing between parties to a great extent. If the global emission target for e.g. 2050 is formed in a bottom-up manner from the pledges of individual parties, it might be challenging to ensure that the parties adjust their emission pledges harmoniously to suit this new information on climate sensitivity.
The Nordic Working Group for Global Climate Negotiations (NOAK) is a working group under the Nordic Council of Ministers, whose aim is to contribute to a global and comprehensive agreement on climate change with ambitious emission reduction commitments. To this end, the group prepares reports and studies, conducts meetings and organizes conferences supporting the Nordic negotiators in the UN climate negotiations. The steering group for the project consisted of Harri Laurikka (Finland), Marjo Nummelin (Finland), Olle Björk (Sweden), Daniel Johansson (Sweden), Håvard Toresen (Norway) and Carsten Eskebjerg (Denmark). The authors wish to sincerely thank the steering group for their comments, and NOAK for the funding of the project.
The Nordic Council of Ministers is proud to be able to contribute to the knowledge base so crucial for the future of the global climate negotiations through this report and the ongoing work of NOAK.
Halldór Ásgrímsson, Secretary General Nordic Council of Ministers

Summary
 This report examines greenhouse gas emission pathways up to 2100 that aim to reach the 2C target, with a special focus on the uncertainty of climate sensitivity and hedging the risk in mitigation costs. The report describes a new way for calculating optimal emission pathways, compares the results with previously estimated outcomes of the Copenhagen Accord, and discusses the implications of the proposed pathways for effort sharing beyond 2020.  Given that there currently exists large scientific uncertainty around climate sensitivity, -i.e. the question of how much temperature will rise with rising greenhouse gas concentrations -it is not possible to assert that the 2C target would be reached with certainty with a predetermined emission pathway. Instead, climate policy should be readjusted during the century as new information on climate sensitivity becomes available.  The uncertainty of climate sensitivity and future learning about climate sensitivity can be taken into account in the decision making for near-term emission targets, resulting with a hedging strategy against the uncertainty of climate sensitivity. The hedging strategy seeks to avoid excessive future mitigation costs if it turns out that climate sensitivity is stronger than what has been assumed previously. As a result, hedging the risk against the uncertainty of climate sensitivity implies more ambitious early action than a scenario that disregards the uncertainty.  This report describes a simplified and transparent model for determining a hedging strategy that minimizes the mitigation costs for reaching the 2C target during the century. The resulting optimal strategy suggests an emission level of 42.8 Gt CO2-eq for Kyoto gases in 2020. This is at least 5 Gt less than the lower range of estimates for the outcome of the Copenhagen Accord.  A sensitivity analysis of the model, using different assumptions for mitigation costs and discount rates, suggested that the optimal emission level might vary from 37.8 to 47.8 Gt CO2-eq. The high end of this range overlaps only slightly with the lower range of estimated emissions under the Accord. Therefore the results reported here reinforce the previous arguments about the emission gap related to the Copenhagen Accord outcomes.  A case where 2020 emissions correspond to the Copenhagen Accord outcomes and the hedging strategy is followed only after 2020 was also studied. The comparison of the Accord case and the first, costoptimal case showed that the 2C target could be achieved also under the Accord, by compensating the higher 2020 emission level by further reductions of 1.6 Gt per year, on average, between 2030 and 2080. This would result with an increase of mitigation costs by 2.5%, assuming that the cost-minimizing pathway is indeed followed after 2020. However, if the optimal pathway is not followed already in 2020, it is difficult to assure that it would be followed later on.  Our final consideration deals with effort sharing after 2020. If the global emission targets need to be readjusted to suit new information about the level of climate sensitivity, this would also affect the effort sharing between parties to a great extent. If the global emission target for e.g. 2050 is formed in a bottom-up manner from the pledges of individual parties, it might be challenging to ensure that the parties adjust their emission pledges harmoniously to suit this new information on climate sensitivity.  Last, some shortcomings of the model were noted that might affect the presented results. The model uses a simplified module for calculating the climatic consequences from the emission pathways, and the emission levels presented here are slightly higher than pathways that have been reported to achieve the 2C target with a 50% to 66% probability in a recent report by UNEP (2010 The resulting global level of emissions in 2020 due to the emission pledges of the Accord are however ambiguous, as the pledges include conditionalities -such as more ambitious targets being conditional on the level international effort, or emission intensity targets. Also, a large number of developing countries have not committed to any emission reductions, and the commitments extend mainly only to 2020.
Due to this ambiguity, estimates on the emission level in 2020 following the Accord have been made in a number of studies (Lowe, J.A. et al., 2010; Stern and Taylor ,2010; den Elzen, M. et al. ,2010a; den Elzen, M. et al. ,2010b; Rogelj, J. et al ,2010) . The range of possible emission levels is wide, ranging from 47 Gt CO2-eq to 54 Gt CO2-eq, depending on the assumptions used for e.g. economic growth, whether parties' low or high pledges are used, and whether the surplus emission units from the Kyoto protocol may be carried over to the next commitment period. A summary of estimates from the referenced studies is given in Table 1 . For assessing whether or not the pledges in the Accord are compatible with the 2C target, the referenced studies compare the above emission levels with emission pathways aiming for the 2C target. Past mitigation scenarios with a "likely" 1 change of meeting the 2C target have presented an emission levels from 39 to 44 Gt CO2-eq in 2020 (den Elzen, M. et al., 2010b) . Based on this, most of the above mentioned studies conclude that estimated emissions under the Accord exceed the 2C-compatible range by some 4 to 10 Gt CO2-eq. As the increase in global temperature is indeed dependent mainly on the cumulative emissions during the whole century -rather than on the 2020 level -the emission level of 2020 does not yet determine the temperature increase in e.g. 2100. However, as the economic system, and thus the emission reductions, involves inertia, early action is necessary to reach the long-term climate targets.
Moreover, even if high emissions during the early part of the century could be wholly compensated with higher reductions later on, this might be an uneconomic course of action due to the steeply rising abatement costs with very high emission reduction levels. Therefore an economically sound balance between mitigation efforts during early and late years should be found, i.e. the reductions should be cost-optimal.
Although past studies have mainly concluded that the emission reductions of the Accord are inadequate in pursuing the 2C target, a look at e.g. recent scenarios of the Energy Modelling Forum (EMF) might give us more perspective. Figure 1 presents four scenarios from the EMF-22 scenario exercise that correspond to cost-optimal emission pathways to remain below 450 ppm-eq, i.e. a radiative forcing of 2.6 W/m 2 (Krey and Riahi, 2009; van Vliet et al., 2009; Gurney et al., 2009 ). In the figure, the range of assumed outcomes of the Accord from Table 1 is also presented. The figure shows that, depending on which scenario we look at, the Accord might be already on a cost optimal track for 450 ppm-eq concentration target, which would roughly imply a 50% change of meeting the 2C target. Nevertheless, this conclusion rests on the technology assumptions made in the different scenarios, and still leaves only a 50% change of meeting the 2C target. 
A cost-optimal pathway for the 2C target
The controversy on whether we can say that the projected emissions in 2020 or a pathway until 2100 would be a cost-optimal solution to reach the 2C target rests on the end of the century rests on two major uncertainties: we don't know what kind of emission reductions will be possible, on what costs and at what time; and -being even more important -how sensitive the climate actually is to rising greenhouse gas concentrations in the atmosphere. The latter issue, that of the climate sensitivity, has been a matter of scientific debate for long, and there still exists significant uncertainty on the level of the sensitivity. But as we don't know what kind of an emission pathway would lead to at most 2C warming, how a cost optimal pathway for the 2C target could then be specified?
Past mitigation scenarios have usually aimed at the 2C target either by using the most likely value of climate uncertainty parameter, thereby bypassing the uncertainty altogether; or targeted instead a concentration target that would yield a "likely" probability, for example 66%, to remain below 2C warming. These approaches, however, ignored that the level of uncertainty regarding climate sensitivity is likely to decrease throughout the century. Then, as time progresses and new information becomes available, we can adjust climate policy to reflect this new information.
Including this type of dynamic decision making in climate change mitigation scenarios solves the issue of uncertainty on climate sensitivity. As we come closer to the 2C limit, we have greater understanding on the sensitivity and may decide to push for more ambitious emission reductions, thereby never exceeding the 2C limit. Therefore, if global political will is sufficient, the 2C can be reached with certainty 2 .
In this dynamic decision making framework, we have to decide now the level of emission reductions in the near future, at the same time considering what we might know in the future and what our options would then be, given the actions that we take now. Then after some time, e.g. 10 years, we face this problem once again, but then with new information. If this new information suggests that the climate sensitivity is likely to be higher than previously thought, an optimal solution at that point of time would be to aim for lower emission levels than was earlier ────────────────────────── planned. On the other hand, if the new information allows us to rule out the higher estimates of climate sensitivity, optimal climate policy would be to relax our previously projected emission pathways. With this stochastic problem setting, our chosen policy would be an optimal hedging strategy against the uncertainty in the climate sensitivity.
An important effect of the dynamic formulation of the problem is that the uncertainty and its gradual resolving affect our actions already at the first time steps. The main driver for this is the steeply rising marginal abatement costs with increasing emission reduction levels. If we later discover that the climate sensitivity is higher than the most likely estimate we have now, the increase in costs required to meet the 2C target would be far higher than the decrease in costs if the sensitivity is found out to be actually lower than now presumed. Therefore a cost optimal solution would then be to prepare for the worst, with the appropriate probability, with early mitigation action.
Earlier scenario literature has considered this type of dynamic climate policy only in few papers (Syri et al., 2007; Johansson et al., 2008; Webster et al., 2008; Loulou et al., 2009) , and in a very simplified setting, where the uncertainty is resolved in its entirety suddenly at a single point of time, usually in 2040. In this report we present a more sophisticated treatment of the dynamic climate policy problem, using a simplified, stochastic model using marginal abatement cost curves.
Model description
The model used here to solve the stochastic, dynamic cost-optimization problem of limiting global mean temperature increase at most to 2C is, apart from the stochastic formulation, a simple cost-optimization model with predetermined marginal abatement cost (MAC) curves gathered from literature.
Although some aspects, such as the lifetime of capital used for the emission reductions, is not covered by the model, the simplified formulation requires far less assumptions, and therefore improves transparency of the model. In addition, using a large scale integrated assessment model, such as ETSAP-TIAM, MESSAGE or IMAGE, in the stochastic setting would be impossible due to computational limitations.
The assumptions made in the model are:
 Global mean temperature increase is limited to 2C  Baseline emissions of Kyoto-gases grow from 53 Gt CO2-eq in 2020 to 80 Gt CO2-eq in 2050 and 100 Gt CO2-eq in 2100  Cost minimizing emission reductions using a 5% discount rate  Marginal abatement costs curves fitted to the results reported by Krey and Riahi (2009) corresponds to higher-mean estimate of (Knutti and Hegerl, 2008 )  The uncertainty of climate sensitivity decreases gradually over time along a binomial lattice with 10 year period length The details of model parameterization regarding the uncertainty and abatement costs are provided in the following subsections. Sensitivity analysis on the discount rate and MAC parameterization assumptions are provided in section 5. The climate module used in the model is described in Appendix A.
The uncertainty of climate sensitivity
Our stochastic optimization setting consists of two components: the probability distribution in the beginning of the scenario and the way the uncertainty is gradually resolved. The distribution used in the initial years of the scenario, specifically up to 2020, corresponds to the current level of uncertainty, as we currently are trying to negotiate the level of emissions in 2020. Very different distributions of the climate sensitivity have been presented in the past, and a review by Knutti and Hegerl (2008) assembled the differing lines of evidence into two distinct distributions. Of these two, we have used the version with a higher mean value. Due to the computational formulation of our problem, the distribution had to be discretized into separate steps, instead of using the original continuous distribution. The two distributions of Knutti and Hegerl (2008) and our discretized version are presented in Figure 2 .
Figure 2. Two probability density distributions (red and blue lines, left axis) for the climate sensitivity parameter that combine different lines of evidence for potential sensitivity values (Knutti and Hegerl, 2008) ; and a discretized version (violet points with ranges, right axis) of the blue distribution that has been used in the scenarios of this study.
After 2020, new information on the sensitivity is assumed to be available, allowing us to exclude either the highest or lowest value in our discretized distribution, both with a 50% probability. Similar resolving of the uncertainty is assumed to occur every 10 years up to 2080, when the true value of the climate sensitivity is assumed to be known with certainty. In total, this yields a binomial lattice, depicted in Figure 3 . The lattice has 64 separate paths on how the uncertainty gradually decreases, with all paths having equal probabilities. With the information available in the beginning of the scenario, the probabilities for the known value of climate sensitivity in 2080 correspond to the distribution specified in Figure 2 . Following the reasoning in the beginning of the section, using the described lattice causes an emission pathway to split into two at each junction of the lattice. Therefore the solution to the stochastic, dynamic costoptimization problem is not a single scenario, but a set of 64 equally probable scenarios that separate gradually from each other at each junction of the lattice. prob. = 2% Figure 3 . A binomial lattice describing the assumed evolution of climate sensitivity probability. At each junction, once every ten years, either the highest or lowest value in the probability distribution is ruled out, both with a 50% probability. The true value will be known in 2080, with the values of Cs and their probabilities presented on the right hand side of the lattice diagram. The values and probabilities correspond to the discretized distribution of Figure 2 . One possible path through the lattice, with the true value of Cs at 3.0C, is marked with red arrows.
Marginal abatement cost curves
The marginal abatement costs were taken from recent mitigation scenario analysis with large-scale integrated assessment models. For this purpose, only scenarios that considered the global emissions of all Kyoto gases were selected, as otherwise the reduction potential would have been underestimated.
The selected studies were Krey and Riahi (2009), van Vuuren et al. (2010) and Gurney et al. (2009) , which all provided multiple scenarios and thus multiple points to the marginal abatement curves at each point of time. In addition, Krey and Riahi (2009) and van Vuuren et al. (2010) reported scenarios with different technological assumptions. Combined, the emission level -marginal cost pairs formed a rather wide range of MAC curves, especially for the end of the century. Due to this variance in reported MAC levels, two different MAC curves to be used in our model were fitted to the data points, one corresponding to the higher cost envelope and the other to the lower cost envelope of the original data points.
Although the MESSAGE (Krey and Riahi, 2009 ) and IMAGE (van Vuuren et al., 2010) scenarios included emission levels below zero in 2100, with the corresponding marginal costs in excess of 1000 $2005/tCO2, the reported emission reduction potentials were insufficient for reaching the 2C target with the two highest levels of climate sensitivity (Cs = 4.5C and Cs = 5.4C). Therefore the MAC curves used in the model had to be extrapolated to allow even higher reduction levels in the latter part of the century. Corresponding to the steeply rising costs in the original data, the marginal costs with these extrapolated emission reductions are enormous, reaching 3000 $2005/tCO2 in 2100.
The original data points from Krey and Riahi (2009), van Vuuren et al. (2010) and Gurney et al. (2009) , and the two fitted MAC curves used in our model are presented in Figure 4 . (Krey and Riahi, 2009; van Vuuren et al., 2010; Gurney et al, 2009 ), split to high and low cost envelopes; and the fitted high and low cost marginal abatement curves used in this study.
Stochastic scenarios for reaching the 2C target
In order to compare whether the Copenhagen Accord is on a costoptimal track two different scenario settings are analyzed:
A cost-optimal hedging strategy for the 2°C target starting from 2020 Assume that emissions in 2020 are comparable to the Accord pledges (here 48.8 Gt CO2-eq), and cost optimization starts only in 2030.
A cost optimal pathway with full cost optimization
A cost-optimal hedging strategy for the 2°C target, in which the optimal emission reductions start from 2020, is presented in Figure 5 . The optimal strategy with the assumptions made in the model would imply an emission level of 42.8 Gt CO2-eq in 2020. After this, as new information on the climate sensitivity is assumed to be available, the optimal strategies split, depending on the realization of the new information. The average of the 64 individual stochastic scenarios shows a relatively linear path of reductions in global emissions towards the end of the century.
For comparison, the figure also includes a cost optimal deterministic strategy with an assumed climate sensitivity of 3°C. The difference between emissions in the optimal deterministic and stochastic scenarios shows clearly the effect of hedging against uncertainty: due to the risk of extreme costs with high values of climate sensitivity the optimal hedging strategy involves more ambitious early action than the optimal deterministic scenario, in which such risk doesn't exist. 
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A cost optimal pathway under the Copenhagen Accord
In the second case the stochastic cost-optimization was assumed to start only in 2030, while the emissions in 2020 would be determined by the Copenhagen Accord. The results for this case are presented in Figure 6 . The figure also shows the average emission pathway of the full cost optimization case from Figure 5 . As the emissions under the Accord are higher than the optimal hedging strategy in 2020 by 6 Gt CO2-eq, the strategy of the second case has to compensate the higher 2020 emissions in later periods, on average by 1.6 Gt CO2-eq per year between 2030 and 2050. At most, the maximum compensation between the 2030 to 2050 period was 2.3 Gt CO2-eq per year. 
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A comparison of mitigation costs
As the level of 2020 emissions in the Copenhagen Accord case differs from those of the cost-optimal case, the mitigation costs are higher in the Copenhagen Accord case. Figure 7 presents the average costs in both cases between 2020 and 2100. Corresponding to the difference in average emissions in Figure 6 , the mitigation costs are lower in the Copenhagen Accord case in 2020 and higher between 2030 and 2080. As an aggregate measure, the net present value (NPV) of mitigation costs between 2020 and 2100 was 2.5% higher. Such a small difference seems intuitively reasonable, as the emission level of 2020 is only a small part of the century, i.e. our total timeframe under consideration. Using a slightly suboptimal strategy around 2020 doesn't largely affect the NPV of costs, if a cost-optimal strategy is followed from 2030 onwards. Figure 8 compares the NPV of costs in individual stochastic scenarios. The figure indicates that in the scenarios with high realizations of climate sensitivity, i.e. the scenarios with high mitigation costs, the costs are somewhat higher (up to 13%) in the Copenhagen Accord case. On the other hand, with low realizations of climate sensitivity the costs are lower in the Copenhagen Accord case, although the absolute value of the difference is small. As a result, on average the cost NPV is indeed slightly higher, by the mentioned 2.5%, in the Copenhagen Accord case. 
Comparison to past mitigation scenarios
In order to gain further insight from our stochastic scenario formulation, the emission pathways in the cost-optimal case were compared to previously reported emission scenarios. A recent report (UNEP, 2010) compiles a large number of emission pathways that reach the 2°C target with 50% to 66% probability. The range of annual emission in these scenarios is wide, due to both the probability range and differing temporal profiles of emission reductions.
When stochastic scenarios in our setting are compared to deterministic ones in e.g. the UNEP (2010) report, the distinction between the approaches should be borne in mind. The UNEP report declares a probability with which the temperature target is reached, based on the current level of knowledge on climate sensitivity, whereas each stochastic scenario realization in Figure 5 reaches the target with certainty. A stochastic scenario realization in which the climate sensitivity is found out to be 3°C would reach the 2°C target with -given the current level of knowledge -a 50% probability, i.e. the low end of the probability range in the UNEP report. Therefore the stochastic scenario realizations with climate sensitivity of 3°C should be roughly comparable to the UNEP emission range. Figure 9 presents these individual stochastic scenarios along with the range of UNEP's stylized emission pathways. Based on the figure, the average of the selected stochastic scenarios lies mostly inside the UNEP's range and involves more ambitious early action than most of the UNEP's pathways, although it exceeds the range between 2050 and 2080. The cumulative emissions of the stochastic scenarios were estimated to be slightly, around 10%, higher than those of the UNEP's pathways. Should a more detailed climate module been used, the scenarios calculated in this report might thus involve somewhat deeper emission reductions.
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Sensitivity analysis for the pathways
As the model used involved a very limited number of assumptions, it is relatively easy to assess how much the assumptions affect the main results. Two easily comparable numerical results that are analyzed here are the emission level in 2020 with full cost-optimization; and the increase in the NPV of mitigation costs between 2020 and 2100 due to not following the cost-optimal hedging strategy in 2020, i.e. the relative difference between NPV's of the Copenhagen Accord and cost-optimal cases. The analyzed assumptions are the discount rate and the MAC curves, whether the lower or higher cost envelope in Figure 4 .
The effect of discount rate and MAC curve on the optimal hedging strategy in 2020 is presented in Figure 10 . The range extends from the 2% and high cost case, in which emissions were 37.8 Gt CO2-eq, to 47.8 Gt CO2-eq in the 8% and low cost case. The default case, 5% discount rate with low cost curves, lies right in the middle of the range. If compared to the estimates of 2020 emissions under the Accord, presented in 0, only the highest of our sensitivity cases reaches the lower end of assumed emissions under the Accord. The sensitivity of the difference in the NPV of mitigation costs between the Copenhagen Accord case and full cost-optimization case is presented in Table 2 . In all cases the relative difference in the NPV between the two cases is small, ranging from 1% to 4%. This implies that the difference in NPV is rather robust to our assumptions. 
Effort sharing
The stochastic model described above considers the emission reductions only on the global level. Yet, emissions on the national level have often more practical importance on the political level, as the negotiation process has, at least so far, concentrated on a bottom-up approach, where the emission targets of the individual countries make up the global total. On contrast, a top-down approach would mean dividing predetermined global emissions, e.g. the expected emissions suggested in Figure 5 , to the parties. Regardless of the approach, this raises up the question of equitable burden sharing.
6.1 Effort sharing in 2020 between Annex I and nonAnnex I
The UNFCCC classifies developed countries as Annex I and non-Annex I countries. Annex I countries have emission targets under the Kyoto Protocol, while non-Annex I countries do not. Greenhouse gas emissions in non-Annex I countries have been rising rapidly and grew bigger than Annex I emissions already in 1991. The biggest non-Annex I countries have already given emission reduction pledges in the Copenhagen Accord. Most of the non-Annex I pledges are measured in emission intensity, and as an example China pledged to "lower its carbon dioxide emissions per unit of GDP by 40-45% by 2020 compared to the 2005 level". Due to these different ways for measuring the reductions and possible conditionalities in the pledges, it is rather complicated to estimate the absolute emissions for non-Annex I, as was already mentioned in section 1. Nevertheless, several studies listed in Table 1 have given different estimates of Annex I and non-Annex I pledges. Figure  11 shows GHG emissions of Annex I and non-Annex I, their estimated baselines, range of Copenhagen pledges and IPCC's emission levels for the 2C target.
As Figure 6 and Figure 10 suggested, it is very unlikely that Copenhagen pledges would be the cost-optimal path to limit global warming to 2C. This message can be seen also from Figure 11 , which shows that the emissions under the Accord are some 2 to 4 Gt CO2-eq larger for Annex I, and 3 to 9 Gt CO2-eq larger for non-Annex I than what the IPCC has suggested. This gap is in global level very similar to the gap between the Accord emissions and the cost-optimal strategies in Figure 10 . 
Effort sharing after 2020
The cost-optimal hedging strategy in Figure 6 does not provide a single emission level beyond 2020. Therefore the effort sharing after 2020 may, in the stochastic context here, done either by using the average 2050 emissions, or by allocating the emissions for Annex I and nonAnnex I with some simplified allocation procedure. For the basis of our analysis we take that the emissions of Annex I countries should be reduced by 80% to 95% from 1990 levels in 2050, as has been suggested by the IPCC (Chapter 13, 2007) .
The average emissions in the cost-optimal case of Figure 5 were 31.1 Gt CO2-eq, and in the Copenhagen Accord case of Figure 6 , 29.5 Gt CO2-eq. If we combine the range of Annex I reductions, 80% to 95%, to the average emission levels in Figure 5 and Figure 6 , we would get 2050 emission targets shown in Table 3 . In terms of absolute emissions, the suggested Annex I target would imply reducing emissions in Annex I very close to zero. As the remaining amount of emissions from the assumed global total would be from non-Annex I countries, their emissions would be allowed to be from 71% to 101% above their 1990 levels.
A risk hedging strategy for the 2°C target and the Copenhagen Accord 31 In the stochastic scenario setting, the emission level in 2050 is dependent on the new information that will be gained during the following decades. As the global level of emission varies between individual scenario realizations, it is not realistic to assume a fixed emission level for either Annex I or non-Annex I. It could be assumed instead that the -80% target of Annex I should hold for the expected emissions, i.e. to the stochastic scenario average. Therefore, we fix that the -80% reduction target of Annex I should hold for the stochastic scenario average, and use a simplified effort sharing procedure for any departures from this average. Specifically, the difference in global emissions between an individual stochastic scenario and the average is divided between Annex I and non-Annex I in a ratio of 1 to 3. For example, if a scenario has an emission level 4 Gt CO2-eq lower than the scenario average in some given year, the target of Annex I in absolute terms would be 1 Gt lower and that of non-Annex I would be 3 Gt lower.
The results of this simplified effort sharing procedure in the stochastic scenarios are presented in Figure 12 . The scenario averages for Annex I and non-Annex I equal the -80% case in Table 3 . In the individual scenarios, the emissions of non-Annex I have a wide range, from 12 to 45 Gt CO2-eq, while in worst cases the Annex I emissions should already be negative in 2050. Figure 12 . Emission levels of Annex I and non-Annex I countries with a simplified effort sharing in the stochastic scenarios. In the stochastic scenario average, the Annex I emissions are set at -80% from 1990 levels in 2050, as was also presented in Table 3 .
There are yet only few country specific estimates of 2050 emissions. Figure 13 and Table 4 compare historical emissions, Copenhagen pledges and -80% from 1990 Annex I emissions. To sum up the presented data, industrialized countries have planned extensive reductions while developing countries have just started. With current pledges from Copenhagen, China's share of the global GHG emissions will rise dramatically by 2020. Figure 13 
Conclusions
This report has reassessed the question of an optimal pathway for reaching the 2C target from the viewpoint of hedging against the risk of uncertain climate sensitivity. The report describes a simplified stochastic model, which uses marginal abatement curves for emission reductions and takes the uncertainty of climate sensitivity into account when considering optimal pathways for reaching the 2C target. The optimal hedging strategy calculated with the model was compared to the assumed level of emissions under the Copenhagen Accord. Using the results from the model, mitigation costs between the optimal strategy and the Copenhagen Accord case were compared, and potential impacts on effort sharing after 2020 were considered. Past deterministic mitigation scenarios, i.e. those that do not take the uncertainty of climate sensitivity explicitly into account in the scenario formulation or decision making, have a drawback that for a given emission scenario they either describe a probability with which the 2C target is reached, or disregard the uncertainty altogether. However, as new information on climate sensitivity is likely to be available in the future, climate policy can be readjusted to suit this new information. Then if we eventually will learn the true value of climate sensitivity -e.g. during the last decades of the century -the target can be achieved with certainty through this readjusting, should sufficient political will be present.
The stochastic scenario approach used in this study incorporates this possibility for readjustments in calculating cost optimal strategies for reaching the 2C target. In the scenarios, the uncertainty around climate sensitivity is assumed to be gradually decreasing. Then, in some given future point of time, if climate sensitivity is found out to be higher than expected the emissions will have to be reduced more in the future than previously anticipated, and vice versa. Yet, with increasing levels of emission reductions, the costs will rise significantly. A risk hedging strategy for minimizing expected emission reduction costs would take the uncertainty on the necessary level of future emission reductions, including the resulting costs, into account. Our finding was that this optimal hedging strategy would imply more ambitious emission reductions during the next decades than what a deterministic cost-optimal scenario with a fixed, known level of climate sensitivity would imply.
As the level of emissions with the optimal hedging strategy, 42.8 Gt CO2-eq in 2020, was compared to different estimates on emissions under the Copenhagen Accord, a difference of at least 5 Gt CO2-eq was noted. A sensitivity analysis showed that by varying the marginal abatement curves and the discount rate from 2% to 8%, the optimal emission level in 2020 ranges between 37.8 and 47.8 Gt CO2-eq. This overlaps only slightly with the range of estimates for 2020 emissions under the Accord, 47 to 53.6 Gt CO2-eq. Therefore it can be concluded that global emissions implied by the Copenhagen Accord do not follow the optimal hedging strategy for remaining below 2C.
Yet, as the emission pledges in the Accord concern mainly the year 2020, it would be possible to start following the hedging strategy after 2020. This would imply only slightly deeper emission reductions than in the optimal strategy, on average by 1.6 Gt CO2-eq between 2030 and 2080. The effect of not following the optimal path already in 2020 on the net present value (NPV) of mitigation costs between 2020 and 2100 would also only be minor, resulting with an increase of 2.5%.
As the global emission level depends on the new information regarding climate sensitivity, so obviously does also effort sharing. Using a simplified approach for effort sharing, with which the emissions of Annex I were set at -80% from 1990 levels in the 2050 stochastic scenario average, it was shown that the range of possible emission in 2050 levels for the Annex I and non-Annex I country groups was wide. Based on this, it should be borne in mind in the effort sharing debate that significant readjustments on individual countries' emission targets would be required if new information on climate sensitivity necessitates adjustment on the global emission target.
The findings of this study are, however, susceptible for interpretation. Although the comparison of the optimal hedging strategy and the Copenhagen Accord case showed that the emission gap in 2020 could be compensated later on -and in doing so the net present value of mitigation costs would not increase much -it is interesting to ask that if we are not following the optimal strategy in 2020, how can we be sure that the optimal path is followed after 2020. Also, recalling the result of our effort sharing experiment adds some more insight. The global emission level under the Copenhagen Accord is comprised of pledges from the parties in a bottom-up manner. If this approach is maintained, instead of setting a global target which would be then split between the parties, is it a feasible assumption that individual countries would harmoniously update their pledges to accommodate to the new, arising information on climate sensitivity, as suggested by the hedging strategy and our effort sharing experiment. Given this difficulty, reaching more ambitious targets already in 2020 than what is expected to result under the Accord is more important than what the results reported here as such might imply.
Finally, it should be noted that the model used in the study has obviously its limitations. One point of improvement would be to use a more detailed climate module, as is discussed in Appendix A. Also, two notable shortcomings are that the rate at which emissions are reduced or increased is not limited, and that on worst realizations of climate sensitivity the model is forced to use extrapolated emission reductions. The former would have a two-way effect, as the model would try to balance between avoiding too high emission increase or decrease rates. The latter issue is, however, very critical with the highest realizations of climate sensitivity. In the worst-case scenario, negative emissions were required already by 2060, with our effort sharing exercise involving negative Annex I emissions already in 2050. Whether such emission levels would be achievable is debatable, and avoiding such situations would justify even more ambitious early action than what our scenario suggests.
